Background: Osteogenesis imperfecta (OI) is a heterogeneous connective tissue disorder characterized by an increased tendency for fractures throughout life. Autosomal dominant (AD) mutations in COL1A1 and COL1A2 are causative in approximately 85% of cases. In recent years, recessive variants in genes involved in collagen processing have been found. Hypodontia (< 6 missing permanent teeth) and oligodontia (≥ 6 missing permanent teeth) have previously been reported in individuals with OI. The aim of the present cross-sectional study was to investigate whether children and adolescents with OI and oligodontia and hypodontia also present with variants in other genes with potential effects on tooth development. The cohort comprised 10 individuals (7.7-19.9 years of age) with known COL1A1/A2 variants who we clinically and radiographically examined and further genetically evaluated by whole-genome sequencing. All study participants were treated at the Astrid Lindgren Children's Hospital at Karolinska University Hospital, Stockholm (Sweden's national multidisciplinary pediatric OI team). We evaluated a panel of genes that were associated with nonsyndromic and syndromic hypodontia or oligodontia as well as that had been found to be involved in tooth development in animal models. Results: We detected a homozygous nonsense variant in CREB3L1, p.Tyr428*, c.1284C > A in one boy previously diagnosed with OI type III. COL1A1 and COL1A2 were the only two genes among 9 individuals which carried a pathogenic mutation. We found rare variants with unknown significance in several other genes related to tooth development. Conclusions: Our findings suggest that mutations in COL1A1, COL1A2, and CREB3L1 may cause hypodontia and oligodontia in OI. The findings cannot exclude additive effects from other modifying or interacting genes that may contribute to the severity of the expressed phenotype. Larger cohorts and further functional studies are needed.
of cases [4] . In addition, mutations in IFITM5 have been found with an autosomal dominant pattern of inheritance [5] . OI-causing variants often present with unique features, but the interfamilial phenotypic variability can be extensive, despite the same causing mutation [4] . In recent years, recessive variants in genes involved in collagen processing have been found [6] . Among these, Symoens et al. [7] identified a homozygous deletion in cyclic AMP responsive element-binding protein 3-like I (CREB3L1), which in one Turkish family caused a severe form of OI. CREB3L1 encodes a transcription factor which is also known as OASIS (Old Astrocyte Specifically Induced Substance).
Tooth agenesis denotes congenital absence of one or more permanent teeth. Hypodontia is defined by agenesis of fewer than six teeth, while oligodontia is congenital absence of six or more permanent teeth, excluding third molars. Tooth agenesis can occur either as an isolated trait (nonsyndromic) or as part of a syndromic trait (syndromic), which reflects the genetic and phenotypic heterogeneity of the condition [8] . The prevalence of hypodontia in the general population ranges from 6 to 8% in Nordic studies [9] [10] [11] with oligodontia occurring in 1-2‰ [11] [12] [13] [14] . Mutations in several genes have been associated with nonsyndromic tooth agenesis, among others the PAX9, MSX1, AXIN2, EDA, EDARADD, and EDAR genes [15] [16] [17] [18] [19] . Tooth agenesis has previously been reported in patients with OI [20, 21] . Malmgren et al. [22] found hypodontia in 11%, and oligodontia in 6% of children and adolescents with varying severity of OI. Seventy-five percent of the individuals presenting with oligodontia harbored mutations in COL1A1 and COL1A2 that were predicted to cause qualitatively changed protein.
Tooth development is a process under strict genetic control [23] [24] [25] . The complex process is regulated by a number of genes including transcription factors, growth factors, signaling molecules and other intra-and extracellular molecules [26] .
Phenotypic variability of individuals with mutations in COL1A1/A2 brings the question whether these individuals have other pathogenic mutations that exclusively cause tooth agenesis. In this study, we investigated 10 OI patients with and without tooth agenesis harboring a COL1A1/A2 variant in order to identify whether these individuals present with pathogenic mutations in other coding genes that have an important role in tooth development.
Subjects and methods
This cross-sectional study included 10 children and adolescents (aged 7.7-19.9 years) with OI who had participated in a previous study [22] : 7 presenting with oligodontia; 2 presenting with hypodontia; and a participant from this previous study who had OI type IV but who was newly diagnosed with oligodontia. We evaluated the cohort further genetically. 3 participants were classified as OI type I, 4 as OI type III, and 3 as OI type IV (Table 1) . All study participants had been treated at the Astrid Lindgren Children's Hospital at Karolinska University Hospital, Stockholm (Sweden's national multidisciplinary pediatric OI team). All children and adolescents underwent a detailed clinical and radiographic evaluation of panoramic radiographs performed by two experienced pediatric dentists (KA and BM) regarding total number of permanent tooth germs and teeth. All included individuals were aged > 7 years to enable evaluation of all permanent teeth. In cases of dental agenesis, a family history was taken. The clinical examination included recording signs of DGI.
Venous blood samples were collected from all individuals. Furthermore, seven family members of patient no.1 accepted to provide their saliva samples for segregation analysis. Genomic DNA was isolated at the Clinical Genetics Unit of Karolinska University Hospital.
Written informed consent for participation and sample collection was obtained from all recruited individuals and/ or their legal guardians in accordance with the Declaration of Helsinki. The Swedish regional ethics committee in Stockholm approved the study protocol (Daybook no. 157/99, 2014/254-31, and 2012/2106-31/4).
Whole-genome sequencing and bioinformatics analysis
Libraries were prepared for sequencing on Illumina HiSeqX (Illumina Inc., San Diego, CA, USA) from the genomic DNA using the Illumina TruSeq DNA PCR-Free kit with a mean insert size of 400 bp. On average, this resulted in approximately 480 million mapped unique sequences with a mean coverage of > 37, i.e., 30x coverage for 80% of reference sequences. We used an in-house pipeline developed by the Science for Life Laboratory, Stockholm, Sweden to map reads to the human reference genome (hg19) and to call variants. Data were aligned to the reference genome using bwa (v0.7.12) [27] .
We deduplicated, recalibrated, and indel realigned raw alignments using GATK (v3.3-0-geee94ec) [28] . The quality control information was gathered using Qualimap (v2.2) [29] and single-nucleotide variants (SNVs) and indels were called using the HaplotypeCaller in GATK. Supplementary Table 1 presents general statistics of WGS data to show sequencing quality. We further processed the variants with GenotypeGVCFs, VariantRecalibrator, ApplyRecalibration, VariantFiltration and SelectVariants tools in GATK (v3.7), which were then functionally annotated using Variant Effect Predictor (VEP; version 89) [30] and loaded into a database using GEMINI (v0.20.0) [31] . We followed two approaches. We excluded variants with minor allele frequency of 0.1% and higher in 1000 Genomes Project (1000G), 6500 NHLBI-GO Exome Sequencing Project (ESP), Swedish Genome Project (SweGen) [32] and Exome and Genome Aggregation Consortium (ExAC and gnomAD). Variants located in repetitive sequence regions were excluded. Only non-synonymous variants, frameshift indels, and putative splice site variants were considered for further analysis. We used Combined Annotation Dependent Depletion (CADD) to score the pathogenicity of SNVs [33] . Evolutionary conservation of variants was evaluated with Genomic Evolutionary Rate Profiling (GERP) [34] . The variants were explored in the database using built-in tools in GEMINI, and variants were visualized on Integrated Genome Viewer (IGV) [35] .
Structural variants were analyzed using the FindSV pipeline (https://github.com/J35P312/FindSV) which merges calls from CNVnator V0.3.2 [36] and TIDDIT [37] . The structural variants were annotated by VEP and filtered based on the quality flag of the variant. The filtered and annotated variants were then sorted based on a local structural variant frequency database consisting of variants from 1000 healthy individuals from the Swe-Gen project. The reads at breakpoints were visualized in the IGV. The structural variants that fall into intergenic regions as well as intronic deletions and duplications were excluded.
Based on literature reviews, in a systematic manner, we created a panel of genes that are associated with nonsyndromic and syndromic hypodontia or oligodontia as well as of genes involved in tooth development in animal models [8, 38, 39] (Supplementary Table 2 ). In our downstream analysis of the whole-genome sequencing (WGS) data, we also used this gene panel to investigate both single nucleotide and structural variants in genes that have roles in tooth agenesis and tooth development.
Here, we applied a minor allele frequency higher than 1% for the population databases to filter out common single nucleotide variants. In the structural variant analysis, we focused only on breakpoints located in the exons of coding genes that were listed in our gene list (Supplementary Table 2 ).
PCR and sanger sequencing
We performed PCR and Sanger sequencing to validate variants of interest and for segregation analysis using standard PCR and Sanger sequencing protocols. Primers are available upon request.
Results
Clinical findings and confirmation of COL1A1/A2 variants Mean age at the most recent evaluation of dental phenotype in the 10 individuals was 12.8 ± 3.7 years (range 7.7-19.9 years). Missing premolars were the most frequent finding, 92% (61/66). The individuals included into this study presented with a heterozygous variant in COL1A1, 70% (7/10) and COL1A2 (3/10). The majority of COL1A1 and COL1A2 variants were de novo mutations (Table 1) . Whole genome sequencing confirmed pathogenic COL1A1/A2 mutations in 9 of the 10 individuals. One boy (patient no. 6) previously diagnosed with OI type III had been diagnosed with a splice variant in COL1A1 (c.3208-6C > T). This variant was assessed as likely benign in this investigation since it is a common single-nucleotide polymorphism (SNP) (gnomAD v2.1 MAF: 0.00068) and we concluded that it was not responsible for the patient's OI phenotype. However, we identified a homozygous nonsense variant in CREB3L1, p.Tyr428*, c.1284C > A (NM_052854.3) ( Fig. 1a ). At the time of analysis, this variant was not found in any publicly available population database but is recently published [40] . It creates a stop codon, resulting in a premature termination of protein at position 428 instead of 519. The CADD score was very high (36.0) and Tyr428 is evolutionarily conserved across species (Fig. 1b) . The mutation was located on the C-terminal of OASIS which is localized in the rough endoplasmic reticulum. Based on the literature, it was assessed as the most likely disease-causing variant, and we discarded the COL1A1 variant.
The boy harboring the CREB3L1 variant (patient no. 6) had no family history of OI or tooth agenesis. None of the four siblings were affected by OI or tooth agenesis. At the time of the oral examination, the proband presented with a mixed dentition. Investigation revealed (Fig. 2) . The boy exhibited neither clinical nor radiographic signs of DGI in the deciduous or permanent dentitions (Table 1) . Further details regarding the non-dental findings in the proband have recently been described in detail [40] .
Genomic analyses
Rare variants in genes related to tooth development Variants in genes known to be relevant in tooth development were found in all individuals ( Table 2) . Excluding COL1A1 and COL1A2, we identified 23 heterozygous variants in 21 genes. The majority (n = 21) were SNVs resulting in missense variants in highly conserved positions ( Table 2 ). Of the identified missense variants, 17% (4/23) could be filtered out as mutations in these genes cause other conditions that were not phenotypically expressed by our probands (BMPER-diaphanospondylodysostosis with AR inheritance; GLI3-mainly developmental disorders with AD inheritance pattern; ERBB3-lethal congenital contracture syndrome 2, and PTCH1-Gorlin syndrome). These variants were thus deemed unlikely to be the cause of the patients' symptoms.
After filtering according to our protocol, two missense variants in NOTCH2 were considered interesting from a biological perspective: one in patient no. 5 (p.(Gly1354Ala), c.4061G > C), and one in patient no. 6 (p.(Asn753Asp), c.2257A > G). According to GERP predictions, both variants occur at highly conserved positions. One frameshift variant was found in KDM5B, and a premature stop in BRPF3 was assessed as a multi-nucleotide polymorphism (MNP). Both genes are important for regulation of epigenetic events.
Variants in known genes associated with tooth agenesis and tooth development
We focused on genes (Supplementary Table 2 ) that were previously reported to cause hypodontia/oligodontia in humans and play a role in tooth development in mouse models [8, 38, 39] . Here, we applied a lenient filter, set the minor allele frequency (MAF) threshold to 1%, and kept rare variants. We identified 26 variants in 26 genes related to tooth development based on the literature. All individuals were carriers of rare variants in genes of interest. Of the variants, 11 were assessed as probably/possibly damaging by PolyPhen-2 prediction and were identified in 70% (7/10) individuals (Tables 3 and 4 ). One boy (patient no.1) with OI type IV presented with two missense variants: in AXIN2 (rs200883019; p.Thr511Met, c.1532C > T) and in PTCH1 (p.Asp986Tyr, c.2956G > T). Both of these genes are known to be expressed during tooth development. Segregation analysis showed that the mother, the maternal grandfather, and the maternal aunt were carriers of the AXIN2 variant and presented with hypodontia.
We could not find any rare, likely pathogenic structural variants that disrupt genes involved in tooth development. Furthermore, no significant differences in distribution of variants between individuals with oligodontia and hypodontia could be seen. Except for the rare pathogenic variants in COL1A1, COL1A2, and CREB3L1, we were unable to identify any other pathogenic variant in a shared gene in the cohort that could explain the phenotype of oligodontia.
Discussion
In this study, we used WGS in our search to identify potential gene candidates that would explain the OI phenotype with presence of oligodontia. We hypothesized that individuals presenting with these features harbored variants in modifying genes related to COL1A1/ A2 and tooth development. We found rare variants with unknown significance in several other genes related to tooth development.
A splice variant in COL1A1, c.3208-6C > T, a variant that was not predicted to markedly affect mRNA splicing, had previously been identified using Sanger sequencing in one of our investigated individuals (patient no. 6), a boy diagnosed with OI type III [1, 22, 41] . Using WGS, we detected a rare homozygous stop gain variant in CREB3L1 (p.Tyr428*, c.1284C > A). CREB3L1 encodes a transcription factor which is also known as OASIS (Old Astrocyte Specifically Induced Substance), an ER-stress inducer that has been found to be essential to correct expression of collagen type I by affecting transcription of COL1A1 and secretion of matrix proteins [42] . It has been shown that ER-stress causes the N-terminal part of OASIS to be transported to the nucleus where it binds to the osteoblast-specific unfolded protein response element (UPRE) regulatory region in the promoter of COL1A1. This induces a high level of tissue-specific procollagen type I expression [42] . To our knowledge, this is the first time the dental and maxillofacial phenotype of an individual with a CREB3L1 variant has been described in detail. Our patient presented with oligodontia and severe malocclusion including a mandibular overjet, unilateral open bite, and bimaxillary crowding. However, no DGI could be detected clinically or radiographically. We previously reported that presence of clinical and radiographic signs of DGI is associated with mutations in COL1A1 and COL1A2 that cause a qualitatively changed protein [41] . Based on our findings, we suggest that homozygous lossof-function mutations of CREB3L1 may contribute to arrest of tooth development in specific dental developmental areas but is not enough to cause severe signs of DGI. The expression of collagen type I is seen early in tooth development. In the rat, expression has been detected in the dental epithelium and mesenchyme during the bud stage and during the cap and bell stages [43] . The secretion of predentin is initiated during the late bell stage of tooth development. This may indicate that cells are more sensitive to CREB3L1 during earlier stages of tooth development, where the altered secretion of collagen type I and its interaction with modifier genes may contribute to arrest of tooth development and cause dental agenesis. Lindahl et al. found markedly low levels of CREB3L1 mRNA in primary human osteoblast-like cell (hOB) (16%) and fibroblasts (21%), but collagen I levels were only reduced I hOBs (5-10%) indicating tissuespecific sensitivity [40] . OI-causing loss-of-function mutations in CREB3L1 have been described in two consanguineous families in two previous studies [7, 44] . These studies reported a 3-bp in-frame deletion (p.Lys312del, c.934_936delAAG) in exon 7 [44] and a homozygous whole gene deletion [7] . In the study by Keller et al. [44] , heterozygous carriers of the variants were mildly affected by OI and homozygosity caused prenatal/perinatal lethal OI similar to that seen in OI type II. Except for reduced skull mineralization, no other craniofacial characteristics of probands presenting with homozygous variants in CREB3L1 have been described. However, a heterozygous carrier was found to have blue sclerae, but normal teeth [7] . Since complete loss of CREB3L1 causes prenatal/perinatal lethality as in both of the previous cases, we believe that, since the nonsense mutation is relatively close to the 3′ end of CREB3L1, the transcript might escape from nonsense-mediated decay and translate into a partially functioning protein with a missing C-terminal end.
Several signaling pathways are of specific importance in tooth development and expressed during all stages of tooth development; these are the TGFβ, Shh, FGF, Wnt, and Eda (ectodysplasin) pathways. Thus, the search for presence of rare variants involved in these pathways was of specific interest in this study. Another potential candidate was NOTCH2, a gene involved in the Notch signaling pathway. Two missense variants in NOTCH2 were interesting from a biological perspective: one in patient no. 5 (p.(Gly1354Ala), c.4061G > C), and one in patient no. 6 (p.(Asn753Asp), c.2257A > G). Both presented with high GERP and CADD scores. NOTCH2 is a highly conserved mammalian homologue of the Drosophila Notch gene, which encodes a transmembrane protein important for various cell fate decisions including differentiation, proliferation, and apoptosis during development. It has been shown to be expressed during several stages of tooth development in the mouse [45, 46] . Odontoblasts initiate dentinogenesis during the bell stage. Notch2 expression was not observed in odontoblasts at this stage of development [46] . None of our patients with a rare variant in NOTCH2 exhibited any clinical or radiographic signs of DGI.
One missense variant was found in GLI3 (p.Ala924Thr, c.2770G > A) in a girl (patient no. 2) with OI type IV. We also detected a PTCH1 variant (p.Asp986Tyr, c.2956G > T) in a boy (patient no. 1) with OI type IV. Both genes are involved in the Shh pathway. Shh signaling is essential in tooth development and can be detected in the oral epithelium from embryonic day 11.0 (E.11) in mice [47] . However, we assessed the PTCH1 variant to be a less likely candidate as a mutation in this gene would cause Gorlin syndrome (MIM 601309) with features including multiple nevoid basal-cell epitheliomas, jaw cysts, and bifid ribs [48] . Furthermore, the GLI3 variant could be discarded as no developmental disturbance was present. The boy (patient no. 1) also presented with a variant in AXIN2 (p.Thr511Met, c.1532C > T). The proband's mother, grandfather, and one aunt, all carriers of the variant, were unaffected by OI but presented with hypodontia. Interestingly, none of them could be diagnosed with oligodontia. This finding indicates that the more severe phenotype seen in our proband may be due to additive effects of the variants in COL1A1 and AXIN2 and their modifying or interacting genes.
However, it is worth noting that one maternal uncle with a wild type allele of AXIN2, reported that he was missing one or two permanent teeth. This finding points to the oligogenic/polygenic characteristics of tooth agenesis and may be explained by Falconer's polygenic threshold model. The hypothesis is based on the assumption that liability to tooth agenesis is multifactorial and follows a normal distribution (hypodontia is diagnosed in 6-8% of individuals in the general population). Hypodontia presents when a particular threshold is exceeded and is shifted in close relatives of an affected individual leading to an increased susceptibility within the family. Whole-genome sequencing of all individuals would have increased the chance for identification of more loci contributing to the phenotype. AXIN2 encodes the axis inhibition protein 2, a protein that facilitates βcatenin degradation by forming a destruction complex in the canonical Wnt signaling pathway. A nonsense mutation in AXIN2 (p.Arg656*) was previously found to cause oligodontia and a predisposition to colorectal cancer in a four-generation Finnish family [49] . Another variant (p.Trp663*, c.1989G > A) was associated with oligodontia, ectodermal dysplasia, and neoplastic syndrome [50] . Several additional mutations, mostly missense variants, have also been associated with nonsyndromic tooth agenesis [15, [51] [52] [53] . The AXIN2 variant in this study, having a medium impact severity, was common in the Finnish population (gnomAD v2.1 Finnish: 1.3%). MAF was also common in Northern European populations: 0.03% in the gnomAD, suggesting that it is a common polymorphism in Nordic populations.
Limitations of this study include the small sample size. Nevertheless, the included number of individuals is high within a cohort of subjects with OI and oligodontia. Interpreting functional impact of missense changes in genes involved in tooth development is challenging and functional assays are necessary to understand how these changes can potentially affect the amount, structure and function of the expressed protein and cause a dental phenotype that is variable between individuals with OI. There is also a need for segregation analysis in the investigated individuals to further decrease the list of potential gene candidates. In our bioinformatics evaluation, we focused on protein-coding sequences. We did not evaluate rare variants in non-coding genome. We found a missense variant in AXIN2, but detected no pathogenic variants in MSX1, PAX9, EDA, EDAR, or EDARADD, genes that previously have been found in nonsyndromic oligodontia. Nevertheless, we found common and rare variants in these genes, most of them located outside of coding regions.
Based on the findings in this study, OI is associated with an increased risk of hypodontia as well as oligodontia. It is important to diagnose agenesis at an early age in order to optimize treatment planning and treatment. We suggest a panoramic radiograph at 7 years of age in children and adolescents with OI. We detected oligodontia in all types of OI, indicating that severe agenesis may also be found in individuals with OI of mild severity. Furthermore, our findings indicate that the possibility of undiagnosed OI should be considered in individuals presenting with oligodontia and hypodontia. Further evaluation regarding presence of medical and dental variables associated with OI may be indicated in such evaluation, and have previously been described by us in detail [54] . If suspicion of OI remains, referral to a pediatrician is indicated.
Conclusions
In summary, we found several rare missense variants in all investigated probands. No significant differences in distribution of variants between individuals with oligodontia and hypodontia could be seen. Aside from the pathogenic variants in COL1A1, COL1A2 and CREB3L1, we were unable to identify any other mutual variant related to collagen type I that could explain the phenotype with osteogenesis imperfecta and oligodontia. Based on our findings, we suggest that the cause of the expressed phenotype is the collagen I related mutation, but that additive effects from rare variants in several other known genes participating in dental development may be important. The findings of this study provide a snapshot of and give further insight into the genetic heterogeneity of hypo/oligodontia in individuals with OI. We stress the importance of further studies, including more individuals with OI and oligodontia and OI without oligodontia to evaluate potential gene candidates further. Finally, we suggest CREB3L1 as a candidate gene to be included in the genetic investigation of individuals presenting with oligodontia.
